Properties and behaviour of protonated boron-containing zeolites at different hydration degree have been investigated by means of periodic DFT approaches. Geometry optimization and room-temperature Car-Parrinello molecular dynamics results, in line with experimental findings, indicate that the BO 3 -bound silanolic acid site typical of dry boralites should convert to a solvated H 3 O + hydrogen bonded to tetrahedral BO 4 at moderate water content. By increase of the water loading, the tetrahedral structure of the B site is stabilized and the physicochemical properties of the water molecules solvating the acid proton gradually approach the liquid-phase ones. A relevant role of structural and vibrational properties of the zeolite framework in the water-induced trigonal-to-tetrahedral transition at the B site is highlighted by simulation results.
Introduction
Protonated boron containing zeolites 1 (boralites) have been the subject of growing interest due to their moderate acid strength. This feature is exploited in industrial processes, such as the Beckmann rearrangement 2,3 and the xylene isomerization, 4 requiring mild and shape-selective solid acid catalysts. Besides catalytic applications, these materials are appealing for fundamental research because, in contrast with standard framework cations, zeolitic boron may be found three-or four-coordinated depending on the degree of hydration. More specifically, in acid B-zeolites the coordination geometry at the boron center changes from tetrahedral to trigonal upon dehydration. The tetrahedral structure is reversibly recovered upon rehydration, according to equation 1:
Only proton-exchanged boralites are sensitive to this transition, while in the presence of other extraframework cations such as Na + framework boron is characterized by a stable tetrahedral geometry. 5 As indicated by a broad series of 11 B solid state NMR [5] [6] [7] [8] [9] [10] and IR experiments, [11] [12] [13] [14] [15] [16] [17] [18] [19] B is characterized by a trigonal geometry in acid dry samples and a tetrahedral structure when contacted with water vapour, however, both tetraand three-coordinated B sites can be co-present. 7, 10, 20 By washing with water, trigonal B can be hydrolyzed to a defective site up to full extraction from the framework (deboronation process). 1, 5, 9, 10, 15 The trigonal-to-tetrahedral B-site geometry change has also been detected by contacting acid boralites with other Brønsted bases, like pyridine, ammonia, ethanol, methanol. [20] [21] [22] On the other hand, non-polar molecules do not modify B coordination upon adsorption. 22 In spite of the wealth of studies on these systems, several details of the hydration-induced B coordination change still remain to be established. For instance, the correlation between water loading and structural modifications, or the reason why a tetrahedral B site is favored in presence of water have not been clarified yet.
The relationships between B site structure and its physico-chemical properties in anhydrous boralites have been recently investigated in a periodic DFT study, evidencing that the acid site could be described as a silanol group Si-OH weakly interacting with a planar BO 3 unit. 23 Such a silanol-like and loosely-bound character of the acid site, which is responsible of the lower acidity of boron zeolites with respect to their Aland Ga counterparts, [24] [25] [26] implies long range framework perturbations, which may be related to the water-induced structural transition at the B site.
The protonation state determination of a zeolitic Brønsted acid site from first principles is not straightforward, even in the case of Al-(OH)-Si bridging groups in standard aluminosilicates. Actually, no consensus has been reached yet about the number of water molecules needed to stabilize a hydronium ion inside a zeolitic cage.
In the past, calculations have been carried out by using a variety of first-principles techniques (both wavefunction-or electronic density-based) mainly on cluster models of zeolite acid sites. [27] [28] [29] [30] [31] First principles studies accounting for the periodicity of the crystal structure are available as well.
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Theoretical results agree in predicting that proton transfer from an Al-zeolite Brønsted acid site to a single water molecule does not occur; indeed, solvation of the hydronium ion by at least one water molecule is needed. 28, 29, 32 In the case of boron sites, whose acidity is lower, stabilization of hydronium species should require a larger number of solvating water molecules. Actually, a recent DFT study on a B-zeolite cluster model 30 evidenced that two water molecules are not effective in deprotonating the silanol group. Therefore, the conditions at which the structure with tetracoordinated B plus hydrated hydronium becomes energetically favored over the one with trigonal B plus hydrated silanol have not been established yet.
In the present work, model acid boralites characterized by different water content are studied by first principles periodic density functional (DFT) calculations, with the aim of gaining detailed insight into the water-induced B site trigonal-to-tetrahedral transition.
Computational Methods and Models
Sodalite is characterized by a unit cell stoichiometry [Si 12 O 24 ] in the all silica form.
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The unit cell is composed by two cubo-octahedral β cages, 37 which are the building blocks of several zeolites of widespread industrial use. Synthesis of B-sodalite samples (B-SOD) has been reported. 1 The cell parameters and unit-cell stoichiometry adopted in this work for the B-SOD framework are the same as in Ref. 23 No energy minimum has been found for the B IV -type arrangements in the monohydrated and di-hydrated systems. In both optimized structures (Figures 1a-b) , B is three coordinated and the silanol group is hydrogen bonded to one water molecule which acts as a proton acceptor. The water molecule ligated to the silanol is not hydrogen bonded to other framework oxygens.
In B-SOD-2W, the B III structure with the silanol group is solvated by a water dimer ( Figure 1b ). One molecule is ligated to the silanol as in the B-SOD-1W system, and is hydrogen bonded to the second water which acts as a proton acceptor. The presence of a second water molecule induces a strenghtening of the hydrogen bond involving the silanol proton (see Table 1 ).
In B-SOD-(3+1)W, a linear chain of three water molecules is hydrogen-bonded to the silanol, while a fourth water is positioned at the center of the adjacent β cage (see Figure 1c) . In contrast to the dimer in B-SOD-2W, here the water chain is connected to the framework oxygens via weak hydrogen bonds involving the terminal water molecule and is characterized by stronger inter-water interactions. So far, increase of the water content induces a shortening of the water-silanol hydrogen bond along with a lenghtening of the O*-H distance, while the geometry of the trigonal BO 3 unit remains essentially unaltered.
It is worth noticing that here, at difference with the mono-and di-hydrated systems, a relative minimum with the B IV -type structure has been found ( Figure 2a ): a hydronium ion is strongly hydrogen-bonded to two water oxygens and, more weakly, to a 6 With tetracoordinated boron, two minima were found, separated by an energy difference of 4.33 kcal/mol. In the higher-energy arrangement, the hydronium is located relatively far from B (5.4Å) and is solvated by three water molecules hydrogen bonded to framework oxygens. In the absolute B IV -type minimum (Figure 2b ), the hydronium is closer to B (3.5Å) and hydrogen bonded to one oxygen of the BO 4 unit and two water molecules. Another water molecule is connected as a double acceptor to the H 2 Os solvating the hydronium, thus forming a tight protonated 4WR structure. Remarkably, whereas without zero-point corrections this structure and the B III -type one ( Figure 1d) are nearly iso-energetic, inclusion of zpe stabilizes the form with hydrated hydronium plus tetrahedral boron. In particular, the zpe-corrected energy difference amounts to 1.91 kcal/mol at 70 Ry and the stability order is maintained also at higher cutoff.
Interestingly, by inspecting the calculated harmonic frequencies it emerges that the higher zpe of the B III structure is due to modes typical of trigonal B in a zeolite frame- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 work. Indeed, the symmetric and asymmetric B-O-Si stretching modes are located in the regions around 900 and 1300 cm −1 , i.e. at significantly higher wavenumbers than those typical of a tetrahedral BO 4 unit (800 and 1180 cm −1 ).
In B-SOD-5W, the absolute minimum structure is of the B IV -type (Figure 2c ). It is 3.38 kcal/mol lower in energy than the one with hydrated silanol and three-coordinated boron ( Figure 1e ). The energy difference rises to 4.48 kcal/mol upon inclusion of zpe contributions. In the B III -type optimized structure, the silanol is hydrogen bonded to a neutral 4WR-cycle of water molecules. Six strong hydrogen bonds connect the water molecules among themselves and to the silanol group, while two weaker contacts are established between water protons and framework oxygens. The geometry of the boron site is very similar to the B-SOD-4W silanolic structure.
In the most stable B-SOD-5W structure, where boron is in a tetrahedral geometry, a protonated 4WR-cycle plus an hydrogen bonded water molecule (i.e., (4WR+1)-cluster) is detected (see Figure 2c ). Besides five strong hydrogen bonds in the (4WR+1)
cluster, five weaker ones connect the water ring to the framework. Both the hydronium and one of its first H 2 O neighbors are hydrogen bonded to two oxygen atoms of the BO 4 unit. However, both the longer H 3 O + · · ·O* hydrogen bond distances and the less distorted geometry of the BO 4 tetrahedron evidence that the interaction between hydronium and the boron site is weaker than in B-SOD-4W (see Table 2 ).
In the pentahydrated BO 4 -plus-hydronium system we also found a minimum characterized by a protonated 5WR-cluster of one hydronium and four water molecules, which was 3.86 kcal/mol higher in energy than the B IV -(4WR+1)-structure (3.06 kcal/mol with zpe). The microscopic origin of its lower stability should be the weaker hydrogen bonding network: indeed, here the 5WR-cluster is connected to the framework only by 3 weak hydrogen bonds.
At higher water loading, i.e. with 11 water molecules per boron site, the energy difference between the B IV and B III -type structures rises to -11.4 kcal/mol. Moreover, in line with the tetra-and penta-hydrated systems, inclusion of the zpe corrections enhances the relative stability of the B IV -type structure. In the structure with tetrahedral boron (Figure 2d ), a protonated 5WR cluster, which contains the hydronium, is hydrogen bonded to a water molecule and a BO 4 oxygen. Moreover, a water molecule belonging to the 5WR is connected to another 5WR cluster located in the adjacent β-cage.
The B III -type geometry (see Figure 1f ) is characterized by a very large B-O* separation (2.836Å), indicating that when a trigonal BO 3 unit is present, high water loadings cause significant distortions of the framework structure. Such a distortion may be one of the factors responsible of the lower stability of the B III -type geometry at a high degree of hydration. Here the silanol oxygen is hydrogen bonded to a 4WR+1 cycle, with O* separated by 1.855Å from a water proton, while the silanol proton interacts with a 5WR ring of water molecules located in the other β cage.
Dipole moment calculations
Analysis of the dipole moment of water molecules confined in zeolitic cavities could provide useful insight on the microscopic physico-chemical properties of hydrated zeolites.
To the best of our knowledge, calculations of the dipole moment of water molecules interacting with a zeolitic Brønsted acid site are not available in the literature. However, the polarization of water molecules confined into a zeolite framework has been investigated by using classical MD 51, 52 and recently also FPMD techniques. 53 In these studies, the water dipole was found to increase with hydration. In particular, in hydrophobic all-silica LTA containing 15 and 20 water molecules per unit cell the water dipole distributions obtained from FPMD were centered at 2.7 and 2.9 D respectively, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 a minor role.
The systems investigated in this work have lower hydration degree and an acid proton, however the calculated average dipole moments, which refer only to the neutral H 2 O units, range from 2.5 to 3.3 D (see Table 4 ) and are generally in line with Ref. 53 The lowest value of the average dipole moment is obtained for the mono-hydrated system, and the average dipole generally tends to increase with the number of inter-water hydrogen bonds. In all cases the maximum value of the molecular dipole moment was calculated for the water molecule characterized by the strongest interaction with the silanol or the hydronium ion. Actually, due to the presence of an excess proton, at intermediate hydration degree (i.e., 4-5 water molecules) the average dipole moment may become even higher than that of confined water. 53 However, by further increasing the water loading to 11 molecules also the β cage b, which does not contain the acid proton, is filled and the average dipole moment decreases. Interestingly, the average dipole of the B IV -type structure is always higher than that of the B III -type geometry at the same water content. This suggests that acid protons in zeolites have an higher polarizing effect when they are in the solvated hydronium form. In the optimized B-SOD-(3+1)W geometries, the dipole moment of the single water molecule hosted in β cage b amounts to 1.90 and 2.05 D for the B III and B IV structures respectively. In both cases the dipole is closer to the gas phase value and significantly lower than that of the water molecule hydrogen bonded to the silanol (2.47 D). The higher dipole moment in the B IV -type structure is due to the greater long-range polarizing effect of charge separation (namely, the hydronium ion and the BO 4 unit).
Further insight can be gained from the average dipole moment of the water molecules hosted in cage a calculated for the minimum energy structures at increasing water loading ( Figure 3) . At low hydration, the dipole steeply increases with the water content and presents a discontinuity at 4, where the B IV -type structure, characterized by an higher average water dipole, becomes energetically favored over the B III one. At higher water loading the silanol-to-hydronium transition is fully accomplished, and the dipole increases asymptotically towards a value of 3.4 D. These results suggest therefore that, in order for the acid proton to leave the zeolite framework, the average dipole moment of the solvating water molecules should be higher than 3 D. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Å respectively. The two peaks, which integrate to three and one, correspond to the three B-O bond distances in the trigonal BO 3 unit and to the loose contact between B and the silanol oxygen O* respectively. The B-O* peak is always located at distances about 5-10% longer than in the corresponding minimum structures, suggesting that thermal effects on the structural arrangement of the weakly interacting groups Si*-O*H and BO 3 are also relevant at very low or moderate water content (Table 5) . 
Room temperature simulations

MD-4W-B
IV and MD-11W simulations, the hydronium ion remained in contact with the BO 4 unit, however, the framework oxygen acting as hydrogen-bonding partner was observed to change along the trajectory. Structural differences between moderate and high water loading are only detectable in the second neighbour shell: with four water molecules, the rdf shows two peaks at 3.42 and 3.79Å, while in system B-SOD-11W
only a peak at 3.79Å is present.
Further information on the behaviour of the model system with increasing water loading can be drawn by analyzing water-framework and water-water rdf's and coordination numbers. As reported in Table 6 , the average number of hydrogen bonds per water molecule increases with the water loading, as well as the water-framework oxygens contacts. However, water-water hydrogen bonds are in general stronger than the waterframework oxygens ones: while all O w -O w rdf's of the poly-hydrated systems show a sharp peak at distances below 2.75Å, the O w -O f rdf are characterized by a broad and shallower peak in the hydrogen-bonding region (See Figure 5) .
When a B III -type structure is present, a strong and stable hydrogen bond always connects the silanol proton and a solvating water molecule. In contrast, interactions among water and framework oxygens become significant only when the water content is at least four water molecules per acid site. As expected on the basis of the geometry optimizations results, the water-water separation becomes shorter in passing from the MD-2W to the MD-4W-B III systems, and also from MD-4W-B III to MD-4W-B IV (Figure XY) . Therefore, also at room temperature conditions both the increase of water content in cage a and the transition from silanol acid site to caged solvated hydronium contribute to strenghten the inter-water hydrogen bonding network. At higher hydration degree, the water-water separation seems to slightly increase due to the filling of the β cage b, which does not contain the hydronium ion and is therefore characterized by longer inter-water hydrogen bonds. Moreover, the peak height decreases significantly in passing from MD-4W-B IV to MD-11W and the values of the rdf maximum (4.2) and position (2.59Å) become closer to those obtained for liquid water by using the same DFT approximation and PW cutoff 47 (2.99 and 2.70Å respectively).
Conclusions
The effect of water on boron sites in acid boralites has been studied by means of periodic DFT approaches on model B-zeolites characterized by different hydration degree.
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